INTRODUCTION
============

Parkinson\'s disease (PD) is the most common neurodegenerative movement disorder characterized by numerous motor symptoms, including bradykinesia, hypokinesia, rigidity, resting tremor, and postural instability and non-motor symptoms, such as autonomic dysfunction, sleep abnormalities, depression, and dementia \[[@B1][@B2][@B3]\]. The motor clinical manifestations are the preferential loss of dopaminergic (DA) neurons of the substantia nigra pars compacta (SNc), resulting in dopamine deletion and derangements of neuronal circuits in the basal ganglia target regions of these neurons \[[@B1]\]. Another pathological hallmark of PD is round eosinophilic intracytoplasmic proteinaceous inclusion bodies that are mainly composed of fibrillar α-synuclein termed Lewy bodies (LBs) and dystrophic neurites (Lewy neurites) present in surviving neurons \[[@B4]\]. The manifestations of non-motor symptoms can contribute considerably to disability, and they usually are not responsive to dopamine replacement therapy \[[@B1]\]. Dementia is a major cause of disability, and currently there is no effective symptomatic treatment and 47% of PD patients show evidence of depression \[[@B5]\].

Aberrant mitochondrial forms and functions are widely accepted pathogenic mechanisms in a subset of people with PD \[[@B2][@B3]\], which demonstrates that mitochondrial dysfunction and oxidative stress (OS) have a central role in PD pathogenesis. Mitochondrial dysfunction in the dopaminergic neurons of idiopathic and familial PD is well known although the underlying mechanisms are not clear. Mitochondrial dysfunction is mainly characterized by the generation of reactive oxygen species (ROS), a decrease in mitochondrial complex I enzyme activity, cytochrome-c release, ATP depletion and caspase 3 activation. Systemic mitochondrial complex I deficiency has long been implicated in the pathogenesis of idiopathic PD, which may generate additional OS in nigral neurons. Impaired mitochondrial function leads to increased OS and OS would harm the integrity of the neuron so as to accelerate the degeneration of neurons. OS or ROS not only inflict direct cellular damages but also activate signaling pathways leading to cell death \[[@B6]\]. The most direct evidence for disrupted mitochondrial metabolism has come from studies using autopsy tissues and other tissue samples and from *in vitro* cell cultures derived from human patients with PD \[[@B2]\]. Moreover, mitochondrial abnormalities have been reported in Parkin-deficient mouse and fruit fly models of PD \[[@B7][@B8][@B9]\]. Consistently, postmortem studies have highlighted the presence of oxidative damage in the pathogenesis of PD, and particularly oxidative damage to lipids, proteins, and DNA can be observed in the SNc of sporadic PD patients\' brains.

In this article, we examined and summarized our recent knowledge in the mitochondria dysfunction in PD pathogenesis and discuss how this knowledge further will improve the treatment for patients with PD.

NEURAL FUNCTION AND PATHOLOGY OF MITOCHONDRIA IN NEURODEGENERATION OF PD
========================================================================

Normal function and pathology of mitochondria
---------------------------------------------

Mitochondria are the intracellular powerhouse in which perform important cellular reactions, including the production of energy through the mitochondrial respiratory chain (RC), the regulation of cell death, calcium metabolism and the production of ROS \[[@B10]\]. Mitochondria are a major source of free radicals in the cell, resulting in OS, but mitochondria are also integral to the OS response. Moreover, the RC comprises four enzymatic complexes (complexes I-IV) embedded in the inner mitochondrial membranes, which catalyze the transfer of reducing equivalents from high-energy compounds produced by the reactions of the Krebs cycle to oxygen, with the ultimate production of an electrochemical gradient through the inner mitochondrial membranes to drive the synthesis of ATP by ATP synthase \[[@B10]\]. Mitochondrial DNA (mtDNA) encodes 13 proteins that are all components of the electron transport chain, and there have been several reports of mtDNA mutations in rare maternally-inherited pedigrees of parkinsonism, including the 12S rRNA gene in one family with parkinsonism, deafness and neuropathy \[[@B11]\].

Mitochondrial dysfunction and OS in PD pathogenesis
---------------------------------------------------

Widely accepted pathogenic mechanisms in a subset of people with PD are aberrant mitochondrial form and function. Impaired mitochondrial function leads to increased OS and affects a number of cellular pathways, leading to damage of intracellular components and to cell death. OS is one of pathogenic mechanisms of nigral dopamine cell death in PD. The etiopathogenesis of sporadic PD is complex with variable contributions of environmental factors and genetic susceptibility. Both environmental and genetic factors influence various mitochondrial aspects, including their life cycle, bioenergetic capacity, quality control, dynamic changes of morphology and connectivity (fusion, fission), subcellular distribution (transport), and the regulation of cell death pathways ([Fig. 1](#F1){ref-type="fig"}).

### Environmental factors

#### Ageing

PD is one of the best examples of an age-related disease. Age influences the clinical progression of PD, which is one of the most important risk factors for sporadic PD. The possible role of ageing in the pathogenesis of PD is suggested by its usual occurrence in late middle age, and by marked increase in its prevalence at older age \[[@B5]\]. Older people may show mild parkinsonian signs, which are associated with reduced function. These may be due to age-related decline in dopaminergic activity, incidental Lewy body disease, degenerative pathologies or vascular pathology \[[@B12]\]. Precisely, several studies have demonstrated that advancing age is associated with a faster rate of motor progression, decreased levodopa responsiveness, more severe gait and postural impairment, and more severe cognitive impairment and the development of dementia in patients with PD \[[@B13]\]. PD may reflect a failure of the normal cellular compensatory mechanisms in vulnerable brain regions, and this vulnerability is increased by ageing.

#### Environmental toxins

Mitochondria exposed to highly oxidative environment, and the ROS was produced in the process of oxidative phosphorylation \[[@B2]\]. Mitochondrial dysfunction plays a major role in the pathogenesis of PD, and in particular, defects of mitochondrial complex-I of the respiratory chain may be the most appropriate cause degeneration of neurons in PD by reducing the synthesis of ATP. Several epidemiological studies have shown that pesticides and other toxins from the environment that inhibits complex-I is involved in the pathogenesis of sporadic PD. First, 1- methyl4-phenyl 1,2,3,6-tetrahydropyridine (MPTP) inhibits complex-I \[[@B14]\], decreases ATP production and increases generation of ROS \[[@B15]\], inhibits mitochondrial complexes III and IV \[[@B16]\], decreases mitochondrial activity and mitochondrial gene expression \[[@B17]\], alters mitochondrial proteins such as chaperones, metabolic enzymes, oxidative phosphorylation-related proteins, inner and outer mitochondrial proteins \[[@B18]\], alters proteins associated with mitochondrial dysfunction, dopamine signaling, ubiquitin system, calcium signaling, OS response and apoptosis \[[@B19]\], and cause the symptoms of PD in humans and animal models. Second, Rotenone reduces complex I activity \[[@B20]\]. Third, paraquat accumulates in mitochondria \[[@B21]\] and acts as a potent redox cycler which converts free radicals that interact with molecular oxygen to superoxide and other ROS \[[@B22]\]. Fourth, maneb inhibits mitochondrial complex III \[[@B23]\].

### Genetic factors

Progressive advances in PD genetics have shown the evidence for a vital role of mitochondrial dysfunction in the pathogenesis of the disease. The identification of genes associated with parkinsonism has had a major advance on PD research, showing that most of them can affect or regulate different functional or physiological aspects of mitochondria. Although the majority of PD cases are sporadic, several genes have been linked to familial PD. Familial PD is caused by mutations in genes identified by linkage analyses that are inherited in an autosomal recessive or dominant manner, whereas sporadic PD is considered to be a complex neurodegenerative disease entity with both genetic susceptibility and environmental factors contributing to the etiopathogenesis.

The possibility of mitochondrial DNA mutation related to PD has been mentioned. It has been shown that for the first time that mtDNA mutation levels in SN neurons are significantly elevated in this group of early stage PD and cases of incidental Lewy body disease, which is thought to represent presymptomatic PD \[[@B24]\]. Also, it was investigated that there are no inherited disease specific mtDNA mutations, hence individual homoplasmic mutations or very low grade heteroplasmic mutations in the vicinity of mitochondrial metabolism and OS may contribute to selective neuronal vulnerability in PD \[[@B25]\]. Moreover, it has not been yet proven the hypothesis that the accumulation of somatic mtDNA mutations in SN neurons contribute to the pathogenesis of PD \[[@B26]\].

#### Contributions of *PARK* PD-associated genes

Genetic forms of PD are overall rare but, serves as an excellent human model for the much more common idiopathic condition and enables the identification of at-risk individuals in the earliest \[[@B27]\]. In the current PD genetics nomenclature, 18 specific chromosomal regions are termed PARK, and 18 PD-related genetic loci (PARK1-18) were identified in chronological order \[[@B27]\]. Mutations described for these familial forms of PD, include autosomal dominant mutations of SNCA (PARK1, PARK4) \[[@B28]\], UCHL1 (PARK5), LRRK2 (PARK8) \[[@B29]\], HTRA2 (PARK13) \[[@B30]\] or autosomal recessive mutations of Parkin (PARK2) \[[@B31]\], PINK1 (PARK6) \[[@B32]\], DJ-1 (PARK7) \[[@B33]\] and ATP13A2 (PARK9) \[[@B34]\]. A list of the *PARK* PD-related genes is provided in [Table 1](#T1){ref-type="table"}. PARK genes are associated with PD. However, the pathogenic mechanisms underlying mitochondrial dysfunction in familial PD require further detailed investigation at the molecular level.

#### *SNCA* (*PARK1*, *PARK4*)

SNCA was the first gene with mutations to cause autosomal-dominant PD, which can be accumulated in mitochondria in the olfactory bulb, hippocampus, striatum, and thalamus. Mitochondrial abnormalities were observed in transgenic mouse models overexpressing wild type or mutant SNCA: selective oxidation of mitochondria-associated metabolic proteins; degenerating mitochondria containing SNCA; reduced complex IV activity; mitochondrial DNA damage; and increased mitochondrial pathology after treatment with MPTP. Particularily, mutant A53T human SNCA gene in mice caused mtDNA damage and respiratory complex IV impairment and increased sensitivity to MPTP and paraquat \[[@B35]\]. Also, overexpression of mutant A53T or wild type human SNCA in cell lines causes mitochondrial association and leads to cytochrome c release, enhanced mitochondria calcium and nitric oxide, and oxidative modification of mitochondrial components \[[@B35]\]. Moreover, higher accumulation of SNCA and decreased complex I activity were reported in mitochondria from striatum and substantia nigra (SN) of PD patients compared with normal subjects \[[@B36]\].

#### *Parkin* (*PARK2*)

Homozygous mutations in the Parkin gene were discovered in families with autosomal recessive PD (ARPD). In contrast to SNCA, Parkin mutations are common, and almost half of all cases of ARPD and those before 21 years of age \[[@B37]\]. The Parkin protein functions as a RING-type ubiquitin protein ligase, which possibly impairs the activity of the ubiquitin-proteasomal system (UPS) and antioxidant defenses, and enhances OS. Parkin also has a support role in maintaining mitochondrial function, which is involved in the regulation of mitochondrial morphology and has a hypothesized role in mitochondrial biogenesis in conjunction with PINK1, and overexpression of Parkin enhances transcription and replication of mitochondrial DNA \[[@B2][@B3]\]. Moreover, mitochondrial impairments are observed in the striatum of Parkin-null fruit flies \[[@B38]\]. Furthermore, Parkin-null mice have decreased levels of protein involved in respiratory chain function with reduced complex activity in the striatum \[[@B8]\]. A complex I deficit has been observed in lymphocytes collected from Parkin mutation positive patients \[[@B39]\].

#### *UCHL1* (*PARK5*)

Ubiquitin carboxy-terminal hydrolase L1 (UCHL1) is a 223-a.a. protein which is a component of the UPS, which cleaves the carboxy-terminal peptide bond of polyubiquitine chains, working as a deubiquitinating enzyme \[[@B40]\]. It encodes for one of the most abundant proteins in the brain. Mutations in this target were found to be responsible for a genetic form of PD. It is thought a mutation at amino acid position 93 for methionine may decrease UCHL1 hydrolase activity, leading to accumulation of proteins that should have been degraded, and subsequently the progression of PD \[[@B41]\]. Moreover, inactivating oxidative modifications of this protein have been reported in PD post-mortem brains where it correlates with the formation of protein aggregates \[[@B42]\], and UCH-L1 together with parkin and α-synuclein are the major components of LB \[[@B43]\]. Although many studies have investigated the association between UCHL1 and the risk of PD, the results have been ambiguous. It was conducted a large-scale analysis to investigate the age-of-onset effect of the UCHL1 variant in PD among ethnic Chinese. This result demonstrated that UCHL1 variant and the interaction of UCHL1 variant and age at onset were not significantly associated with PD \[[@B44]\]. It was also suggested that UCHL1 S18Y is not a major susceptibility factor for PD in white populations although it cannot be excluded the possibility that the S18Y variant exerts weak effects on risk, particularly in early-onset disease \[[@B45]\]. Moreover, the current meta-analysis suggested no evidence for the association between the UCHL1 S18Y polymorphism and PD risk in the Asian population, especially in subgroups of ethnicity and age at onset \[[@B46]\].

#### *PINK1* (*PARK6*)

Phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (PINK1) gene encodes a mitochondrially localized serine/threonine kinase and is sub-localized in different regions including inner mitochondrial membrane, intermembrane space and outer mitochondrial membrane. Recessive mutations in PINK1 were found to be responsible for a familial form of early-onset PD \[[@B47]\]. PINK1 knockout mouse and human dopaminergic neurons have abnormalities in mitochondrial morphology, reduced membrane potential, increased ROS generation and high sensitivity to apoptosis. Mutations in the PINK1 genes result in enlarged or swollen mitochondria. Moreover, mice null for Pink1 or Parkin exhibit synaptic dysfunction in neurons projecting to the striatum, and this synaptic dysfunction correlates with progressive loss of mitochondrial function and increased OS in the striatum with age \[[@B48]\]. Also, loss-of-function mutations in PINK1 or Parkin have been associated with mitochondrial dysfunction in cells from patients with familial forms of parkinsonism \[[@B48]\]. PINK1 plays a strong cytoprotective role in maintaining mitochondrial homeostasis via different mechanisms. Overexpression of wild type PINK1 in SH-SY5Y neuroblastoma cells stabilizes respiring mitochondrial networks such as maintenance of mitochondrial membrane potential and suppression of autophagy \[[@B49]\]. Moreover, PINK1 has been shown to phosphorylate the mitochondrial molecular chaperone heat shock protein 75 kDa \[[@B50]\]. Loss of PINK1 leads to severe alterations in mitochondrial homeostasis as evidenced by aberrations in mitochondrial cytoarchitecture, mitochondrial dynamics, calcium homeostasis, biosynthetic pathways, and increased mitochondrial ROS, ultimately inducing a robust increase in mitophagy \[[@B51]\].

#### *DJ-1* (*PARK7*)

DJ-1 protein is located mostly in the cytosol, and only a fraction is present in the nucleus and mitochondria, where it preferentially partitions to the matrix and intermembrane space of mitochondria and it impairs degradation. Upon OS, DJ-1 rapidly translocates to the mitochondria and, to a lesser extent, to the nucleus, acting as a neuroprotective intracellular redox sensor \[[@B48][@B52]\]. DJ-1 knockout in fly and mice produced decreased mtDNA levels, respiratory control ratio, and ATP levels, and DJ-1-deficient mice are more sensitive to MPTP-induced loss of dopamine neurons \[[@B48][@B52]\]. Moreover, DJ-1 and its mutants were found to be strongly associated with Hsp70, and a mitochondria-resident Hsp70 complex in patients with PD. *In vitro*, association of wild-type DJ-1 with mitochondrial Hsp70 was further increased under OS, indicating that the translocation of DJ-1 to mitochondria may occur by binding to mitochondrial chaperones. DJ-1 inhibits the aggregation and toxicity of α-synuclein by increasing nuclear factor-like 2, a direct interaction is not known; DJ-1 binds to PINK1 and increases PINK1 levels under conditions of PINK1 overexpression; DJ-1 and Parkin interact under conditions of OS. DJ-1 activates transcription of the Mn-SOD gene, which encodes an essential mitochondrial antioxidant enzyme. Furthermore, reduction of DJ-1 was associated with lowered MMP, an increase in mitochondria fragmentation, autophagy and OS, and reduced mitochondrial fusion. DJ-1 was also found to directly bind to the mitochondrial complex I subunits; and loss of function of DJ-1 led to a decrease of mitochondrial complex I activity, but not complex III; whereas overexpression of DJ-1 conferred protection against the complex I inhibitor MPTP \[[@B48][@B52]\].

#### *LRRK2* (*PARK8*)

Leucine-rich repeat kinase 2 (LRRK2) pathogenic mutations also cause neurodegeneration. LRRK2 is associated with the mitochondrial outer membrane but the function of LRRK2 in relation to mitochondria is presently unclear. LRRK2 immunoreactivity was shown to partially overlap with mitochondrial and lysosomal markers in the mammalian brain, and ultrastructural analysis revealed that LRRK2 is associated with intracellular membranes, including lysosomes, transport vesicles, and mitochondria \[[@B48][@B53]\].

Approximately 10% of wild-type and mutant LRRK2 were present in the mitochondrial fraction in cells overexpressing the proteins. Patients with a G2019S mutation had a decrease in MMP and ATP. Overexpression of G2019S mutant LRRK2 in differentiated human neuroblastoma cells caused neurite retraction and shortening, which correlated with increased autophagy. LRRK2 G2019S mutation increases the kinase activity of LRRK2 and others are not clear yet. Overexpression of either wild-type or mutant (R1441C or G2019S) LRRK2 caused mitochondrial fragmentation, reduced mitochondrial fusion, and increased Dynamin related protein 1 (Drp1) recruitment to mitochondria by direct interaction with LRRK2 *in vitro* \[[@B48][@B53]\].

#### *ATP13A2* (*PARK9*)

Autosomal recessive mutations in lysosomal type 5 P-type ATPase (ATP13A2) were first identified in 2006 in a Chilean family and are associated with a juvenile-onset, levodopa-responsive type of parkinsonism called Kufor-Rakeb syndrome (KRS): c.3057delC (p.1019GfsX1021), c.1306+5G\>A (p.G399_L435del) and c.1632\_ 1653dup22 (p.Leu552fsX788) \[[@B54]\].

Mutant ATP13A2 proteins are retained in the endoplasmic reticulum and degraded by the proteasome \[[@B34]\]. Recently, it has been reported that ATP13A2 suppresses α-synuclein and manganese toxicity in primary neuron cultures \[[@B54]\].

#### *HTRA2* (*OMI, PARK13*)

HtrA serine peptidase 2 (HTRA2) is consisted of 458 amino acids localized to mitochondria, released during mitochondrial membrane permeabilization in programmed cell death \[[@B30][@B56]\]. Cells overexpressing HTRA2 mutant with G399S have shown mitochondrial morphological changes followed by dysfunction and increased susceptibility against OS \[[@B30][@B55]\]. Moreover, wild type HTRA2 activates autophagy through digestion of Hax-1, a Bcl-2 family related protein that represses autophagy via Beclin-1 inhibition, suggesting an insufficient protein degradation system may play a key role \[[@B56]\].

However, PARK3, PARK10, and PARK12 are uncertain and not confirmed \[[@B27]\]. Sequencing of the genes within the PARK16 locus in a British cohort of 182 pathologically proven PD cases revealed the presence of two novel mutations; in one patient in the RAB7L1 (K157R) and in another patient in the SLC41A1 (A350V) gene \[[@B57]\]. Furthermore, mutations in GYGYF2 (PARK11), PLA2G6 (PARK14), FBXO7 (PARK15), VPS35 (PARK17), EIF4G1 (PARK18), DNAJC6 (PARK19), SYNJ1 (PARK20) and recently reported causative genes as RAB39B and CHCHD2 cause PD that is an inconsistent or only a minor feature of a more complex phenotype or are a very rare cause of PD \[[@B27][@B58][@B59][@B60]\].

### The pathophysiology of mitochondrial dysfunction

#### Mitochondrial ubiquitin-proteasome system (UPS) dysfunction

The UPS is responsible for a highly selective degradation of short-lived intracellular and plasma membrane proteins under basal metabolic conditions, as well as misfolded or damaged proteins in the cytosol, nucleus or endoplasmic reticulum. The system involves the targeting of susceptible proteins by ubiquitin and only the unfolded ubiquitinated proteins can pass through the narrow pore of the proteasome barrel. Dysfunction of the UPS and the resultant accumulation of misfolded proteins have been strongly implicated in the pathogenesis of PD, which in combination with oxidative danger will lead to the death of dopaminergic neurons. Increased OS can lead to impaired function of the UPS, thereby affecting cell survival. PINK1, Parkin and DJ-1 would regulate the normal function of mitochondria, whereas α-synuclein, Parkin, UCHL1 are involved in maintaining the UPS \[[@B61]\]. Parkin mutations in autosomal recessive juvenile parkinsonism showed a decrease in ubiquitin-ligase enzymatic activity in the substantia nigra, which also support the hypothesis that failure of the UPS leads to the neurodegeneration underlying PD \[[@B62]\]. Evidence from cell and animal models suggests that α-synuclein aggregation can elicit mitochondrial damage, therefore ultimately leads to cellular damage. Monomeric α-synuclein may also influence mitochondrial activity and dynamics. Aggregation of α-synuclein clearly decreased from complex-I inhibition, increased OS and ATP synthesis deficit, thus all of which can interfere with the normal function of the UPS \[[@B62]\]. This observation leads to a large degree of cross correlation between mitochondria and UPS, and disease-related mutations in these genes will lead to the degeneration of DA neurons.

#### Mitochondrial dynamics - fusion, fission and mitophagy

Mitochondria were once thought to be rigidly structured, but these organelles fuse and divide and undergo regulated turnover. These dynamic processes include fusion, fission, and mitophagy \[[@B63]\]. Mitochondrial dynamics is important for neurotransmission, synaptic maintenance and neuronal survival, which demonstrated that neuronal dysfunction can ensure if mitochondrial dynamics are disrupted \[[@B64]\]. Fusion seems to be required for a normal mitochondrial function as this process is likely to protect function by providing a chance for mitochondria to mix their contents, thus enabling protein complementation, mtDNA repair and equal distribution of metabolites \[[@B65]\]. Fission seems to be crucial for mitochondrial function as it facilitates equal segregation of mitochondria into daughter cells in cellular division and to enhance distribution of mitochondria along cytoskeletal tracks. Also, it plays a key role in the targeting of damaged segments of mitochondria to the autophagic process, playing a housekeeping role in the cell. The mitochondrial fragmentation induction by toxins used to study PD was demonstrated that both rotenone and MPP^+^ induced mitochondria fission in rat dopaminergic cell line N27 \[[@B66]\].

In addition, the autophagy lysosomal pathway (ALP) can be divided by macroautophagy (generally referred to as autophagy), microautophagy and chaperone-mediated autophagy (CMA). Autophagy-mediated protein degradation is an important component of the protein quality control system in the cell that is mobilized upon the accumulation of misfolded, damaged, or unnecessary proteins. Autophagy can be induced within short periods of nutrient deprivation, and CMA can be induced after prolonged nutrient deprivation, while microautophagy is not activated by nutritional deprivation or stress. In contrast to the UPS, the ALP plays an important role in maintaining cellular homeostasis by degrading bulky cytoplasmic material including damaged organelles and misfolded and accumulated proteins. This degradation pathway appears crucial for clearance of aggregated proteins that represent a pathological hallmark of several neurodegenerative disorders including PD. In addition to the UPS, α-synuclein is also cleared by autophagy, which supports the hypothesis that impaired autophagic degradation of α-synuclein is an important mechanism of neurodegeneration in PD \[[@B67]\]. Furthermore, other PD-related genes, such as LRRK2, Parkin, and PINK1, have been mechanistically linked to alterations in ALP. PD-related mutations/deficiency in the ATP13A2 also lead to a general lysosomal impairment characterized by lysosomal membrane instability, impaired lysosomal acidification, decreased processing of lysosomal enzymes, reduced degradation of lysosomal substrates, and diminished clearance of autophagosomes, collectively contributing to α-synuclein accumulation and cell death \[[@B68]\]. Apoptosis contributes to DA neuronal loss in the SNc of PD patients as well as in neurotoxin models, whereas autophagy has been suggested as an alternative mechanism of cell death in neurotoxin models \[[@B69]\], in the familial PD gene mutant model \[[@B70]\] and in human PD brains \[[@B71]\]. Decreased expression of genes that regulate autophagy can cause neurodegenerative diseases in which deficient quality control results in inflammation and in the death of neuronal cell populations. One feature of the mammalian target of rapamycin (mTOR) kinase inhibition is autophagy. Thus, a combination of mitochondrial dysfunction and insufficient autophagy may contribute to PD pathogenesis \[[@B72]\].

Mitophagy, the selective autophagy process of mitochondria, is a critical quality control mechanism required to eliminate damaged or excess mitochondria \[[@B73]\]. Defective mitophagy has been suggested as one of the major pathological mechanisms underlying mitochondrial dysfunction in autosomal recessive forms of PD, including those caused by mutations in PINK1 and Parkin \[[@B73]\]. The PINK1-Parkin signaling model has become a new paradigm for priming damaged mitochondria for further degradation by acting as a sensor and effector pair \[[@B74][@B75]\]. Narendra et al. \[[@B73]\] observed that parkin is targeted to dysfunctional mitochondria and induces their degradation by mitophagy. When CCCP (carbonyl cyanide 3-chlorophenylhydrazone), an uncoupling agent that dissipates the mitochondrial membrane potential, was added to HeLa cells, a robust recruitment of overexpressed parkin to uncoupled mitochondria was observed after 1 h of treatment. Strikingly, upon prolonged exposure to CCCP, mitochondria were cleared from parkin-expressing cells within 24 h. In a next step, the role of PINK1 in parkin-mediated mitochondrial degradation was analyzed. Several groups found that expression of PINK1 is essential for the recruitment of parkin to dysfunctional mitochondria. Downregulation of PINK1 by RNA interference resulted in decreased parkin recruitment to mitochondria following CCCP treatment. Also, parkin targeting to mitochondria was completely abolished in fibroblasts from PINK1 KO mice and could be rescued by reintroduction of wild-type PINK1. Thus, in PINK1-deficient cells, parkin cannot induce mitophagy after CCCP treatment \[[@B76]\]. Moreover, overexpression of PINK1 or targeting of PINK1 to mitochondria via a heterologous mitochondrial membrane anchor derived from Tom20 or OPA3 was shown to be sufficient for the mitochondrial recruitment of parkin \[[@B75]\]. In addition, the stabilization of PINK1 at mitochondria is thought to trigger parkin translocation to uncoupled mitochondria, and therefore, it has been of great interest to identify the protease(s) mediating PINK1 cleavage. Studies in Drosophila have shown a genetic link between PINK1, parkin, and Rhomboid-7, the fly homolog of the presenilin-associated rhomboid-like protease (PARL), suggesting that PARL mediates PINK1 cleavage \[[@B77]\]. Fibroblasts derived from PARL deficient mice show an altered PINK1 cleavage pattern that can be reconstituted by reintroducing wild-type PARL, but not by a catalytically inactive PARL mutant \[[@B78]\]. However, PARL seems not to be the only PINK1-cleaving enzyme, as processed PINK1 isoforms are present in fibroblasts from PARL KO mice \[[@B78]\]. PARL is a transmembrane protein at the inner mitochondrial membrane catalyzing intramembrane proteolysis, while PINK1 seems to be anchored to the outer mitochondrial membrane; thus, the exact molecular mechanism of PARL-induced PINK1 cleavage remains to be demonstrated.

#### Mitochondrial α-synuclein fibrillisation and aggregation

Mutation, nitration, DA modification or abnormal accumulation of α-synuclein can lead to the formation of protofibrils. Natively unfolded or disordered α-synuclein monomers form β-sheet rich oligomers that comprise a transient population of protofibrils of heterogenous structure that may include spheres, chains, or rings. The protofibrils may give rise to more stable amyloid-like fibrils, which is called as α-synuclein fibrillisation. α-synuclein fibrils eventually aggregate and precipitate to form Lewy bodies (LBs) in vivo. α-synuclein protofibrils can induce leakage of DA, and inhibit complex I in the mitochondria and proteasome in the UPS. α-synuclein protofibrils can also increase permeability of mitochondria which can result into the leakage of pro-apoptotic molecules that can promote neurodegeneration \[[@B79]\].

#### Mitochondria, calcium and cell death

Mitochondria sequester calcium when intracellular calcium levels rise during the excitotoxic process. The threshold for excitotoxicity might decrease if mitochondrial ATP production is impaired. Mitochondria also have a pivotal role in apoptotic cell death. Mitochondrial release of cytochrome c and other \'pro-apoptotic factors\' such as apoptosis-initiating factor into the cytoplasm triggers a cascade of events, culminating in cell death \[[@B2]\].

USE OF SURROGATE TISSUES IN STUDYING PD PATHOGENESIS
====================================================

So far, the limited availability of dopaminergic cell lines has prevented investigation of mitochondrial abnormalities in PD. In order to overcome this problem, surrogate tissues could be useful in studying PD pathology. Recent study employed an initial survey of primary skin fibroblasts from PARK6 patients with microarray technology to define the molecular events resulting from the loss-of-function mutations of the mitochondrial kinase PINK1 \[[@B80]\]. This information indicates that loss of function of PINK1 lead to mitochondrial dysfunction by the loss of phosphorylation of mitochondrial proteins and following oxidative and cellular stress triggers the upregulation of α-synuclein expression. Elevated expression of α-synuclein might underlie the formation of \"Lewy bodies\" in the brain of most PD variants, representing a central pathogenic event for PD. Also, to investigate the cytoprotective physiological function of PINK1, primary fibroblasts from three patients stably overexpressing GFP-tagged wild type PINK1 were used. This result indicate that PINK1 plays an important and specific physiological role in protecting cells from proteasomal stress, and suggest that PINK1 might exert its cytoprotective effects upstream of mitochondria engagement \[[@B80]\]. Previously, transcriptome surveys of PD patient SN genes demonstrated the importance of cell adhesion and extracellular matrix in the pathogenesis of PD \[[@B81]\]. This skin fibroblast data are in good agreement with the observation from brain tissues in PD patients in that some impairment of synaptic integrity accompanies α-synuclein upregulation.

Multipotent MSCs are fibroblast-like plastic adherent cells that can be isolated from a variety of tissues, such as bone marrow, periosteum, trabecular bone, adipose tissue, synovium, skeletal muscle, dental pulp, and other tissues. MSCs are defined by their potential to differentiate into osteoblasts, chondrocytes, neurons, skeletal muscle cells, endothelial cells and vascular smooth muscle cells *in vitro* \[[@B82]\] and undergo differentiation *in vivo* \[[@B83]\]. Human adipose tissue is a rich source of MSCs, providing an abundant and accessible source of adult stem cells \[[@B84]\]. Adipose tissue can be obtained by less invasive methods and in larger quantities than bone marrow cells. Moreover, the advantage of adipose tissue as a source of multi-lineage cells is its relative abundance and ease of procurement by local excision or suction-assisted liposuction as well as appealing source of donor tissue for autologous cell replacement \[[@B84]\]. Therefore, MSCs from human adipose tissue represent a useful source of progenitor cells for cell therapy and tissue engineering \[[@B83]\]. Here, we isolated human adipose tissue-derived mesenchymal stromal cells (hAD-MSCs) of patients with idiopathic PD, named as \"*PD*\", with Parkin deficient PD, named as \"*Parkin*\" and with pituitary adenoma, named as \"*non-PD*\" shortly. Based on the previous studies, we hypothesize that an approach of carrying out a transcriptome microarray analysis using early-passage adipose tissue-derived mesenchymal stromal cell cultures from human adult patients with early-onset hereditary Parkin deficient PD as well as late-onset idiopathic PD has potential benefit for understanding of brain pathology in PD patients. We also propose that the expression changes described might potentially lead to better understanding of PD pathology and development of early diagnosis and effective therapy targeted their human biomarkers. Moreover, for the first time, to overcome the cellular senescence of primary cultured AD-MSCs from PD patients, we established hTERT-immortalized wild type, idiopathic and Parkin deficient mesenchymal stromal cell lines isolated from the adipose tissues of PD patients \[[@B85]\]. The pGRN145 plasmid containing hTERT was introduced to establish telomerase immortalized cells. The established hTERT-immortalized cell lines showed chromosomal aneuploidy sustained stably over two-years. The morphological study of mitochondria in the primary and immortalized hAD-MSCs showed that the mitochondria of the *non-PD* were normal; however, those of the *PD* and *Parkin* were gradually damaged. A striking decrease in mitochondrial complex I, II, and IV activities was observed in the hTERT-immortalized cells from the patients with idiopathic and Parkin-defect PD. Comparative Western blot analyses were performed to investigate the expressions of PD specific marker proteins in the hTERT-immortalized cell lines. Then, we used these immortalized cell lines to investigate mitochondrial abnormalities in the idiopathic and Parkin-deficient PD cell lines compared to the wild type cell line. This study suggests that the hTERT-immortalized hAD-MSC cell lines established from patients with idiopathic and familial Parkin-deficient PD could be good cellular models to evaluate mitochondrial dysfunction to better understand the pathogenesis of PD and to develop early diagnostic markers and effective therapy targets for the treatment of PD.

CLINICAL MITOCHONDRIAL THERAPEUTICS IN PD
=========================================

The mitochondria represent a highly promising target for the development of PD biomarkers. Biochemical detection methods of potential biomarkers in PD are classified as genetic screening, mitochondrial complex I measurement, and α-synuclein levels and isoforms in blood \[[@B2][@B3]\]. Commercial genetic testing is available for mitochondrial gene mutations such as Parkin, PINK1 and SNCA gene mutations \[[@B2][@B3]\]. Moreover, our molecular study has established the utility of the hAD-MSCs of patients with idiopathic PD, with Parkin deficient PD and with non-PD for the high-throughput microarray analysis, and that identified differentially expressed groups of genes in idiopathic and Parkin deficiency PD compared with non-PD patients \[[@B86]\]. Hence, these newly identified genes that are regulated in *non-PD*, *PD* and *Parkin*, are likely to help to develop valuable molecular tools to understand PD pathology, to facilitate early diagnosis of PD, and eventually to come up with human potential biomarkers for PD.

So far, some compounds with neuroprotective potential, including a few ordinary mitochondrial modulators such as creatine (N-aminoiminomethyl-N-methylglycine) and coenzyme Q10 (CoQ10), have been currently being investigated in clinical trials of PD. Creatine is an endogenous nitrogenous guanidine compound involved in supplying energy to all cells in the body, especially muscle and nerve cells \[[@B87]\]. Several groups have reported the neuroprotective effect of creatine supplementation in an MPTP-induced mouse model of PD \[[@B88]\]. However, creatine treatment has not been shown to have a significant effect on Unified Parkinson\'s Disease Rating Scale scores in human clinical trials \[[@B89]\]. Also, CoQ10 is a lipid-soluble electron carrier in the electron transport chain (ETC), and the reduced form of CoQ10, ubiquinol, is an important antioxidant in mitochondrial and lipid membranes \[[@B90]\]. Administration of CoQ10 has significantly protective effects on dopaminergic neuron in that it inhibits dopamine depletion and α-synuclein aggregation in acute and chronic MPTP-induced mice models of PD. The efficacy of CoQ10 is still controversial, with varying outcomes depending on dosage \[[@B91]\]. The applications of mitochondria-targeted antioxidant compounds (MitoQ, Mito PBN, MitoVitE) and peptides (SS-31, SS-20) to PD are in the early stages \[[@B92]\]. Therefore, it is still required to identify novel therapeutic targets in dysfunctional mitochondria in PD.

CONCLUSIONS
===========

Numerous studies conducted using various genetic and toxin models of PD have contributed that mitochondria dysfunction play a crucial role in pathophysiology. Mitochondrial function is regulated by a complex network of sensors and effectors, by which regulatory mitochondrial function, such as fusion and fission, mitophagy and the mitochondrial UPR, have recently been elucidated. The investigation of mitochondrial homeostatic processes as a model of PD is useful for proposing the therapeutic interventions aiming for a cure to PD.
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![Mitochondria dysfunction and dopaminergic cell death in PD pathogenesis. Multiple factors, including genetics, aging and environmental toxins, or combinations, have been implicated in the aetiology of PD. Abnormal metabolic function, abnormal morphology, and impaired fission-fusion balance have all been observed in mitochondria in at least some forms of PD. Increased OS can lead to impaired function of the UPS, thereby further affecting cell survival. All these may directly or indirectly affect the mitochondrial function of protein degradation systems, including UPS and ALP, and thereby, cause the death of dopamine neurons.](en-24-103-g001){#F1}

###### Contributions of PARK-designated PD-associated genes
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